Significant yrogress has been made in mny ereay of stvictures snd
materisls technology in the pest yesr, but no breakthroushs wers evident.
Mvances in stwactural analysis and design ocourred for all types of
£1light vehicles with particular emphesis on the mroblems of mupersonic
transports, hypersonic aircraft, lmunch vehicles, reenmtry vehicles,
crbital spece stations snd lunsr excursion vehicles. Materials develop—
ments encampaséed the invention and coamercialiration of new metallic
alloys, glasses and polymeric msterials, and the modification and
improvement of existing maderisls to increase their sirength, range of
usefulness and fedricsdility. The miltitwds of contributions camnot be
adequately treated in this short srticle, consequently, only a few of the

importent recent developments will be discussed.
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The impawtasce of relisbility in the Aesign of space Systens has led €0
mmmwwaummmweenmmmm The results
mmm,ummm,mmmw«mmw
mmwmmwmmm This
vmunmmwwetmmmmumxm
sd strength of various types of stxuctures.

mmmmmmmmmmummm‘
of first determining & Limit lowd that 1s not expected $0 be excoeded in
m«mm.mctmwtommunmxm The
structure 1s then designed to svoid faillure under the ultimate load and

excsssive deformation wnder limit losd. MWWmamun
' amowst of arbitrariness and may reswlt in either unnecesssry weight penalties
" or low structural relisbility.

Figure 1, fvam vork done at the Martin Compeny, is & plot of structursl
relisbility versus the ratio between the standard deviation and mean value of

the failing losd for a case in which the applied load is non—-statistical and
the "allowsble™ load is assumed to be the 99% value. A design with a factor
of safety of one would have a reliability, therefore, of 0.99. With a factor
of safety of 1.25 {typical of missile comstruction) the relisbility is strongly
dependent on the relative width of the scatter band. If a simple tension
member of wrought metsl is being designed, the value of the abscissa might

be about 0.5 and the relisdbility would be very high (0.999999). If, on the



. s

mw,:mmmummuummw
sxpropriste valne xight be 0.20 and the relisbility is considersbly lower
(0.999). The wse of & uniform factor of safety is clesrly issppropriste in
a balanced desiga. |

mxmnmxmmuma:wmummw
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mwm,w areep and multivarizte losdings in a retiomal

Notecroid Impact and Pemstrstion

Design ariteris to insure the safety of spacecraft subjected to metecroid
barbardment mst necessarily be put on a relishility besis. The principal
prablem in developing such criteria, hovever, is the determination of thw
penetrating power of the debris in space. Major progress vas made in this
direction with Explorer XVI (8-55B) which trensmitted data from December 16,
1962 until July 23, 1963. This NASA satellite has provided unique statistical
datg on the penetration of thin metallic surfaces in orbital flight.

Explorer XVI was launched with 160 small pressurized cylinders for
penetration sensors covering 17 squere feet of the surface; several other
detection systems covered smaller areas. These cylinders were made of

beryllium copper with 100 having material 0.001 inch thick, 40 with 0.002 and
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"'Mmmmm, indicating that the meteorcid puncture
vmvbmtwmnwunatmhumuwmtm
metecrold ixpact. ‘Goe of the barriers to Jrogress has been the relatively
mmmﬁ(hnmmn/m)mumhmmxmmm
hﬂmmuwmm Recantly, devices which utilizs electrically
mmmmmnmmmm«mm/mumm
mc-nmm Mrﬁmmumm,mm):mmm
of precise Mm of particle characteristics such as sise, shape snd
velocity, befire these devices will yield definitive data om hypervelocity
impact. However, 1% now sppears that the exploding foil gus has the potemtial
to adequately aimilate metecroid impact in a ground facility.

| After several years in vhich little progress was made, many investigstors
are now working on hypervelocity impact theories and sams significant advances |
have been made. Recent results were reported at the Sixth Hypervelocity Impact
Symposium in May 1963 and at the AIAA Summer Meeting in June 1963. Of note
is the work of Walsh and Tillotson in which they comclude that the volume of
the crater in a semi-infinite target is very nearly proportional to the
projectile kinetlic energy. This directly contradicts the results reported

earlier by Bjork in which the crater volume was proportional to projectile
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. Pyoperties of Composite Structures

The past year has sesn an increased effort dsvoted to structural analysis
of couposite maberials to defive the mechanioal Jropertiss of the coxposite
from the yroperties of the ccastituants. Elastic constants have been cbtained
for uniaxially reinforced fibrous campowites and approximete values of the
elastic modulns have been derived forr conpogites containing fibers in a three
dimensional sxray that also includas the effects of the matrix.

The experimental approach has been advanced by investigations of residusl
shrinkage stresses, stress concentrations near broken fibers, modes of failure
and the effect of geometry upon stiffness. Also, microscopic observations
of fibers during the fracture process has added understanding of composite
failure. Figure 2 (from work at General Electric — MSD) shows the random
distribution of intermal fiber fractures prior to failure of a thin glass
reinforced plastic sample. The fiber diameters are large compared to the

minimumm distance between them. They are viewed by transmitted polarized light
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vhere dark regions correspond to0 low stresses in the vicinity of the fracture.
These fractures ware initially observed at about half the ultimste load level.
High Temperature Btructures

Recent developments in high termperature structures have been chavacterized
by design, fabrication ad testing of large structural components. The Martin
Company 1s constructing a multiwall structural componant designed by NASA—
Langley. This camponent, $0 be tested by NASA, contains a tenk for ligquid
hydrogen and has the capadbility of sustaining temperatures in excess of 2500° F
on parts of the outer murface. The Martin Compeny is also designing snd
building a fusslage and wing root camponent forr the USAF that will be tested
by Aeronmutical Systems Division. This component is a hot monocoque structure
containing s liquid hydrogen tank. These camponents are paxrt of the joint
USAF-NASA effort to advance the technology of hypersonic air-breathing vehicles.

The high temperature structure far actual flight vehicles have made
significant advances also. The hot structure of the X—20 (Dyna-Soer) has been
designed and is now being fabriocated by Boeing. PFebrication has also been
completed on similar structures for the USAF ASSET vehicle, Figures 3 and b,
the first of which is scheduled to be flown before this article is published.
In the ASSET program, six small glide vehicles, all having the same externsl

configuration, will be flown in a critical portion of the reentry flight

corridor to advance the structures and meterials technolegy of 1ifting reentry
vehlcles. The vehicles have been designed, fabricated and instrumented by
McDonnell., A wide variety of metallic and non-metallic materials will be used

on these vehicles; maximm externsl surface temperatures ranging from 1000° F
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on the aft bvulkhead to 3T00° F ot the nose tip will be encountered. Of
Mzmmwtmmmxmwmmmmmmm

Substantisl smamts of snalysis sad scme testing cantime to be dsvoted
t0 shell structures. mnmmmtmmmumumw
mnabmwdwuémtmao#mw:whmmmmm
mwm&tﬁ?mmwﬁ,mammm%hmkﬂhen
Structures Conference, - in August 1963, the Lockheed Missile and Spece
Compeny sponsared a Oouference on Shell Theory and Analysis.

With contimsed attack by many investigators, the unsolved problems of
shell snalysis ave slowly ylelding. Fer example, the long standing search
r&mwnmmmmmmummmmm
with general agreement that the theory proposed independently by Sanders and
Koiter is the best. Recently, also, the results of more complete analysis
nave provided new insight into two problems of long standing in shell stability,
thqt is, the analysis of the assymetrical buckling of spherical shells under

external pressure by hoth Weinitach

e and Huang and the proper congideration
of boundary conditions in the buckling of cylinders under axial compression by
both Stein and Fischer.

A fresh viewpoint 1s also developing on shell buckling experiments with
the recognition that mich of the data collected in the past has been almost

’
useless in clarifying the problem. 8Sechler has demomstyated thet mch can be



learned if the experimenter is willing to use sufficient care; for example,
his tests on very thin cylindexrs under axisl compression have yieldsd buckling
loads of over 80% of those predicted by classical linesr theary.

The newer forms of comstruction, however, such as sandwich and filament
wound shells have not been receiving & sufficient share of the recent work.
Paxrticularly needed is good experimental data on these configurations.
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Constructional Metals

Alunimum alloys have long been used for the fuel and oxidizer tanksge
of non-cyyogenic and cryogenic liquid propelled vehicles. These alloys
consisted in the main of the non-heat treastable alumimmm-magnesium 5000
series alloys and the high strength, heat treatadble 2014 aluwmimm-copper
alloy. The former are too low in strength foor satisfactary application
in asrospace vehiclas, while the latiter suffers from restricted weldabllity
and weld embyittlement at cryogenic temperatuares and under milti-exial
stress conditions. |

The 2219 alvminmum-copper alloy, first used in the Bomarc surface-to-eir
missgile, is now finding wider application in asrospace vehicles. VWhile
somevhat lower in strength than the 2014 aluminum alloy, weldments in the
2219 alloy exhibit considerebly improved toughness under bi- and tri-exial
loading conditions at reduced temperstures. Mare recently, the development
of a wide family of aluminum-magnesiyvm-zinc alloys of the TOOO series
(7002, 7006, T038, and TO39) has significantly increased the mumber of high
strength, weldsble aluminum alloys which possess excellent resistance to
brittle fracture, high notch toughness, good mechanical properties in
heavy sections, and which can be supplied in the form of sheet, plate,
extrusions, and forgings. The new 7000 series alloys possess good combina—
tions of strength, ductility, and woughness in both base metal and weld
Joints at temperatures at least down to —320° F, and are being evaluated

for possible use at liquid hydrogen temperature.



While the very high strength aluminum-copper-magnesium-zine TOOL alloy
has been avallable for some years, the recent development of the -T75
temper has now providad a high strength alumimm alloy as strong as the
TOT5-16 (70,000 psi yleld strength and 80,000 psi tensile stremgth) but
with considerebly higher resistance to stress corroeion. The TOO1lL aluminum
alloy is not recommended for welding, but it should find wide application
in hydraulic and pneumatic aystems as tubing, fittings, cylindars, hws;ngl,
brackets, and fasteners. ‘ ‘
The most exciting recent development in alloy steels concerns the
"maraging” grades of which three basic campositions are emerging; the 18%
nickel-cobalt-molybdemm-titanium, with ar without small sdditions of alumi-
nun, zirconium, and boron, the 20% nickel-titanium-elumimm-columbium, and
the 25% nickel-titanium-elumimm-colunbium types. The "maraging" alloys
have very low carbon contents, and the 184 and 20% nickel gredes are
essentially martensitic at room temperature while the 259 nickel grade is
austenitic after annealing. The lower nickel alloys are strengthened by
sging them at 900° F to cause precipitation of complex intermetallic
compounds. The 25% nickel alloy rust be conditioned by heating to 1100-1300° F,
air cooling and refrigerating at —100° F to precipitate intermetallic compounds

and cause transformation to martensite. Subsequent azing develops high
strengths. The "maraging" steels can be heat treated to strengths in the
range of 250,000 to 300,000 isi, end can develop even higher strengths by

conbinations of cold working and aging after ammealing. These steels are
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formable and weldsble in the annealed condition and develop up to 95% tensile
efficiency in weld joints after sging. They exhibit higher notch toughness
than other alloy steels at correspanding strength levels and show very
pronising ductility and resistance $0 brittle fracture down 4o extreme sudb—
zaro texperstures. Durst tests on scale modsl pressure veassels have demon—

I

,L
they are now satisifactory for application down to liguid hydrogen temperature.
The development of the ELI (extra low impurity) grades of the S5Al-2.58n—
titanium and the 6AL-4V-titanium grades, which was sparked by work done at

Inprovemsnts Mwbmudainamettimmmm

General Dynamics/Astronautics with the cooperation of the titanium industry,
has resulted in alloys possessing excellent combinations of strength-to-—
welght ratio, ductility, and resistance to brittle fracture in both base
metal and weld jJolnts down to extreme subzero temperatures.
Recent work at Lockheed Missile and Space Co. on beryllium has led to
the development of a Be-Al alloy comtaining approximetely 33% Al (Lockalloy)
N4)

which hes a density of 0.07h 1bs/in.>, an elastic modulus of 29 x 10° psi,

—

e’ 4
vy

¥leld strength of 40,000 psi and tensile strength of 50,000 pgi, with

1

elongation. Higher strengths with lower ductility ere developed by
extrusion. This alloy msy find use in compression loaded or other structures

where stiffness is a requirement.



High tempersture metals have also undergone considerable development
and improvement. The Inconel T18 nickel base alloy can be strengthened by
cambinations of cold warking end aging to strengths up to spproximately
250,000 psi. This alloy exhibits good strength, ductility, and fracture
tcna}meumrthetmerahmrwof-har rtonoo' ¥, nndcanbc
used in qpplicatian- exposed t0 service temperatures through thia range.
Dispersion hardened alloys are also becoming of practical significance
with T nickel, containing a few percent of thoria very finely dispersed
in a matrix of nickel, possessing useful engineering propartiéc at tempera—
tures up to within a few Imndred degrees of the melting point of nickel.
This alloy also is very ductile and notch tough at temperatures down to
423 F. While dispersion hardened alloys lose their elevated temperature
strengths in weld Joimts, considerable progrese has been made in jJoining
them by brazing.

Refractory Metals, Protective Coatings, and Ceramics
The manufacture of the X-20 (Dynasoar) glide vehicle is resulting in the
development of febrication experience with two refractory alloys, columblum—

10ri-5Zr \D 30) used in applications heated within the raonge of approximstely
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F and molybdemm-O. 1se in applications

Ti~0.1%Zr (TZM) for
between 2700° to 3000° F. In this vehicle, the requirements consist of
adequate strength at service temperatures to sustain serodymamic loada,

axidation resistance, and high emittance to efficiently radiaste heat.
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!bmbmtymnwlmmtym congidared to be of secondary importence,
with deficisncies circumvented by sppropwriate design and manufacture.

The Boeing Co. has developed a fluidized bed method for coating
refractory metal perts with silicide type coatings. Figwre 5 shows a
schematic of the flutdized bed facility and Figwre 6 is a photograph of the
inaide of the resctor. Silicon carbide Aispersed in a silicon dioxide sol
is sprayed over a simple silicide costing then fused in air at 2000° F.

The coatsd refractary alloys have been successfully tested in an envircnmental
simlatcor (see Pigure 7) which duplicated glide reentry conditions with
mmmmm"swmmotwmmdtmmesrmsms

up to 3000 F. Work at Lockheed had demonstrated that many promising
axidation resistant costings faillsd under the low pressure high-gas-flow
conditions of lift reentyy after having performed well under embient

pressurs conditioms.

A nav type of metal-cermmic camposite has been developed by Boeing which
appears capable of carbining strength and fabrication advantages of the cermet
and the increased relisbility of reinforced ceramic systems. This composite
is the "mecro—leminate system" wherein alternate layers of powdered metals end
ceramic oxides in thin sheets are broken into small particles and compacted
by hot pressing technigues into a composite body. A molybdenum—hafnia body
thus produced exhibits excellent thermal shock properties, thermsl stability
to LO00® F for 30 minutes, room tempersture compressive deformation of 1k.5%,
roon tempersture coampressive wltimate of 1.4 X 10° psi, flexural ultimate of

5 % lOb’ psl at room temperature and 9000 psi at 3000° F.
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Glass and Polymeric Materials

A mmber of significant developments have been made in glass which will
leed to important imgeovemsnts in filament vound asrospace vehicle structures.
These include the development of the Owvens-Corning S-99% high strength glass
vhich contains 10% MgO snd the YM—31A high modulus glass which contains BeO.
The former glass is approximately 30% higher in strength than the E-glass
vhich has been widely used in filsment wound rocket motor cases, and this
higher strength has been reslized in full scale 54" dlameter pressure vessels
fabricated from the §-99% filament. PMlament wound epoxy laminsted structures
meds vith the 5-994 glass have developed strength-to-weight ratios of

2.3 % 106 in.1bs/1b as compared to approxtimately 1.1 X l06 far high strength

steel and titenium elloys.

The development of higher modulus glass is of considersble importance
since the large radial expanslon of rocket motor cases msy crack the propellant
and result in excessively rapid cambustion or explosion of the motors. Experi-
mental laminates made with the YM-31A glass have demonstrated a 20 to 40%
increase in elastic modulus over E-glass laminates.

While it is still high experimental, recent work at Aeronautical Systems
Division on boron {ilaments produced by a vapor deposition process and bonded
wilh epoxy resins showed that very high strength and high modulus values could

¢ achieved. Preliming

5
3
!

E
ot

icns show that composite rocket motor cases
fabricated from boron and 5994 glass filaments could be significantly _ighter
in weight yet flexurally stiffer then the strongest titanium alloy case

currently made.
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In the field of resins, films, and adhesives, the recent advent of the
polybenzimidazole and polycxydiazale polymers has greatly extended their
useful temperxirre range. The DTmidite (trmde name of Naxmco Division of
Telecamputing Corp. ) adhesives and glass laminates can be used cantimously
at temperatures up to T00° F and intermittently at temperztures up to 1500° F
with useful enginsering ywroperties at these temperatures. DuPont 1s currently
marketing high temperature films (DuPont K f£ilm), potting campounds (DuPont
palymer SP), as well as Pyre-ML, 2 coated glass fadbric for high temperature
electrical insulation applications; with all these materials based on the
nev polymers. These polynmers generally require high temperstures (up to
TO0® F) and high pressures for curing.
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